The proper treatment of aneurysms of the ascending aorta is still under debate. Here, we describe the early and late outcomes after composite replacement (CR), supracommissural aortic replacement (SCR) and aortic valve-sparing (AVS) operations.
INTRODUCTION
To avoid the devastating event of an acute type A aortic dissection, aneurysms of the ascending aorta must be operated on in advance by the replacement of the dilated parts of the aorta. Today, broad consensus exists about the timing of an operation, as displayed by current guidelines [1] . However, the appropriate surgical technique for the treatment of the ascending aortic aneurysm has not been clearly defined so far and differs between institutions and surgeons. The principle goals of suitable operations are low operative mortality, long-term durability avoiding reoperation, favourable clinical performance postoperatively and avoidance of life-long anticoagulation. Supracommissural replacement (SCR) of the dilated aorta is a straight-forward, relatively simple and quick operation, with low early mortality [2] . On the other hand, this technique is not applicable in patients with root dilatation or aortic valve deterioration, and the need for reoperation on the aortic root due to secondary enlargement was repeatedly reported, at least for acute aortic dissection [3] . Composite replacement (CR) of the aortic root and the aortic valve with regard to Bentall [4] results in excellent durability and low mortality, but the need for life-long anticoagulation and increased risk of endocarditis are relevant problems [5] . The aortic valve-sparing (AVS) techniques as developed by Yacoub or David combine low mortality, excellent postoperative patient performance and avoidance of anticoagulation, but restricted applicability and the need for reoperation may negatively outweigh these advantages [6] [7] [8] [9] . Many studies describe the advantages and drawbacks of the techniques, but only few reports exist comparing the available techniques directly. A direct comparison between all commonly applied techniques in a heterogenic patient cohort presenting with different morphologically emergent aneurysms may be difficult for statistical reasons, since patients differ too much between the groups. However, the presentation of the different cohorts operated on with different techniques may help to better identify the appropriate surgical approach for aortic replacement in the individual patient. Thus, the aim of the study was the presentation of four established techniques with regard to patients' characteristics, perioperative outcome and long-term follow-up as well as risk factor analysis of baseline demographic factors for aortic root surgery in general. We analysed the data of 548 consecutive patients admitted with ascending aortic aneurysm to our institution, aiming to answer the question of the appropriate surgical strategy.
PATIENTS AND METHODS

Patients
A retrospective review of our institutional database revealed patients who were operated on for aneurysm of the ascending aorta at our institution during January 1994 and September 2011. Patients with acute aortic dissection and those with size reduction surgery or solely reconstruction of the non-coronary sinus in addition to replacement of the ascending aorta were excluded. Thus, the remaining 548 patients were evaluated in this study. Data were collected by chart review. After approval of the institutional review board, the follow-up was obtained through contact with the local population administration office, home doctor or with the patient/family directly. Completeness of follow-up was 93%.
Surgical procedures and selection of surgical strategy
Indication for ascending aortic replacement was given at a diameter of ≥5.5 cm, and more recently (beginning October 2006), at 5 cm. Operations for SCR, CR and aortic valve reimplantation (David) were performed by different surgeons; the Yacoub technique was applied by one surgeon only during 1997 and 2003. The reimplantation technique was first applied in October 2006, since then the David procedure was the only valve-sparing method used for aortic replacement, if applicable at all. Criteria for choosing the appropriate technique for every individual patients were related to echocardiographic appearance of the aortic cusps, grade of aortic insufficiency, size of the root aneurysm, age of the patient, underlying connective tissue disease and surgeon's preference. Intraoperative transoesophageal echocardiography was available at our institution since 1990 and used in a routine fashion for all cases with valve-sparing techniques since 1998 for all cases of surgery on the ascending aorta. The final decision on which technique to use was made by the surgeon intraoperatively after inspection of the aortic valve and root.
The four different surgical techniques applied to patients presenting with ascending aortic aneurysms have been described in detail earlier [3, 6, 7] . In brief, all patients were operated on through a median sternotomy. After establishing CPB by direct aortic and right atrial or bicaval cannulation, cooling to a rectal temperature of 32-34°C was initiated. If required, core temperature was cooled down to deep (22°C) or, more recently, moderate (26-28°C) hypothermia for aortic arch surgery, the latter by additional use of cold cerebral antegrade perfusion by direct intubation of the supra-aortic branches. Myocardial protection was conducted with repetitive doses of cold crystalloid or blood cardioplegia in an antegrade fashion after aortic cross clamping and transsection of the ascending aorta above the commissures. After careful inspection, the decision for either valve-sparing technique of the aortic valve, CR with a biological or mechanical valved graft or SCR depended on the morphological appearance of the cusps and root geometry as well as the involvement of the aortic root by the aneurysm. In case of root enlargement and more recently (since October 2006), our goal was to reimplant any valve without gross structural defect. If a contraindication for reimplantation such as structural valve deterioration including stress fenestrations or stenosis was observed by direct inspection, we implanted a composite graft. SCR was applied either to patients with completely unimpaired aortic bulb or to older patients with only slightly dilated aortic root who were deemed not robust enough to withstand the most complex root surgery. If necessary, the aortic valve was replaced by a biological or mechanical prosthesis. Aortic valve function was determined by intraopertive transoesophageal echocardiography both before and after the intervention.
Statistical analysis
Results are expressed as mean ± standard deviation. Statistical analysis was performed using both the Kruskal-Wallis test for continuous variables and the χ 2 test for categorical variables. Patient characteristics (Table 1 ) and intraoperative data (Table 2) were statistically compared for the demonstration of differences between subgroups. Early (30-day) mortality was compared between the groups by the use of both the log-rank and Wilcoxon tests, showing the same result. Statistical comparison of subgroups regarding early postoperative data (Table 3) was descriptive and not confirmatory, aimed at supporting interpretation (e.g. differences in blood loss by operative technique). For long-term data (Table 4) , statistical comparison was omitted due to the heterogeneity of patients. Kaplan-Meier analyses were used to estimate late mortality and freedom from reoperation in subjected groups. Since subgroups were too heterogenic with regard to baseline characteristics (e.g. age, gender, etc.), direct statistical comparison was omitted, and only differences in outcome for gender were calculated by use of the log-rank test for all 548 patients without analysis of subgroups. The influence of various baseline variables (demographic data) on early and late mortalities was tested using the Cox regression model. For long-term mortality, we omitted the multivariate Cox regression model due to heterogeneity of samples. Variables for risk factor analysis were selected by clinical experience and previous reports in the literature and completely displayed in Tables 5  and 6 . A probability value of <0.05 was considered significant. All statistical analyses were performed using SAS Version 9.1 WIN software (SAS, Inc., Cary, NC, USA).
RESULTS
Patient characteristics
Since patients were operated on consecutively as presented to our institution, the four groups were different with regard to several preoperative patient characteristics, as demonstrated in Table 1 . In the complete cohort, more males than females were operated on (71 vs 29%). Patients operated on with supracommissural aortic replacement were older, and those operated on with valve-sparing techniques more often had Marfan syndrome. In the Yacoub group, more women were operated on, aneurysms were larger, and operations were undertaken more often urgently and more often as redo surgery. Patients Previous surgery 52 (11) 22 (8) 23 (17) 5 (6) 2 (18) 0.031 NYHA class I 91 (17) 47 (16) 21 (14) 18 (22) (14) 31 (10) 30 (20) 12 (14) 2 (15) (8) 26 (9) 13 (9) 4 (5) 1 (8) Data are presented as n (percentage) or mean ± standard deviation. Relative numbers for cause of dead are related to event of death per subgroups. Relative numbers of reoperations are related to incidence per subgroup. NYHA: New York Heart Association.
Perioperative and early outcome
Differences between intraoperative variables are displayed in Table 2 . Operation time, bypass time and aortic cross-clamp times were significantly longer in patients operated on with the David technique. SCR, despite additional implantation of aortic valve prostheses in 40% of these patients, was faster when compared with Yacoub's remodelling technique. In the composite group, 72% of patients received a mechanical valved conduit, and 28% a bioprosthetic valved prosthesis. Aortic arch surgery was more often required in the Yacoub group, but average circulatory arrest times were comparable between groups. Despite high heterogeneity between groups regarding baseline demographics, additional procedures were distributed equally except for aortic valve replacement during SCR. Thirty-day mortality was 4.8% for all patients and did not differ between groups (P = 0.16; Table 3 ). Results for valvesparing root surgery were favourable: no patient died in the David group and 1 patient died early postoperatively in the Yacoub group. More recently, the frequency of operations on the ascending aorta increased and early mortality decreased. As described in Materials and Methods, we changed the cut-off aortic diameter as indication for surgery from 5.5 to 5.0 cm in October 2006. Before this date, we operated on 167 patients with an early mortality of 11.4%. After October 2006, we operated on 381 patients with a 30-day mortality of 1.6%.
Approximately one-third of all patients received additional procedures, such as CABG, aortic valve replacement, MVR or aortic arch surgery. Variables describing perioperative complications such as chest tube bleeding, need for rethoracotomy, low cardiac output and neurological complications did not differ between groups, despite the heterogeneity between groups. Although operations were performed in a time span of 17 years, and surgeons, techniques and strategies changed, no other significant differences were found between groups except for stay on intensive care unit (ICU; P = 0.002) and need for dialysis (P = 0.01). The observed higher incidence of dialysis in SCR may be explained by the higher mean age of this group.
Long-term follow-up
The mean follow-up was 3.9 ± 3.9 years, with a range from 0 to 17.6 years. The relatively short mean follow-up, despite a reported period of 17 years, is explained by the significant increase of aortic root operations since October 2006 at our institution, with 381 operations after October 2006, shifting the mean towards more recent years. Due to the high heterogeneity, we omitted direct statistical comparison of groups, since significant differences in age, gender, health status, presence of Marfan syndrome etc. will tamper with the meaning of the comparison. Aiming to describe the long-term outcome and complications of the four techniques, we displayed the variables in Table 4 without P-values. During the follow-up, a total of 55 patients (12%) died, with a relatively high mortality of 42% in the Yacoub group. The cause of death was comparable between groups (Table 4 ). However, due to different time spans of followup and high heterogeneity between groups, a direct conclusion of a worse outcome after the Yacoub operation is unjustified. Therefore, statistical comparison of actuarial survival between groups was omitted, since follow-up for David was too short (Fig. 1a) . Actuarial survival for all patients was 91 ± 1.5% at 5, 78 ± 3.8% at 10 and 69 ± 5.7% at 15 years. Also for all patients, and regardless of the chosen operative technique, the actuarial survival of men was significantly better compared with that of women with 92 ± 1.7 and 80 ± 4.5% vs 84 ± 3.6 and 70 ± 8% after 5 and 10 years, respectively (log-rank = 0.0052; Fig. 1b) .
Postoperative performance at last contact in regard to NYHA classification was favourable in the David group, with 84% of patients in NYHA classes 1 and 2 (Table 4) . Reoperation on the aortic root, including aortic valve and aorta, was rare with only 6 patients. The need for reoperation was relatively high in the Yacoub group when compared with other techniques. No patient initially operated on with the composite or the David techniques required a reoperation. Actuarial freedom from reoperation is displayed in Fig. 2 . 
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Risk factors for 30-day mortality and long-term survival
For the identification of risk factors influencing 30-day mortality for all 548 patients who underwent surgery on the ascending aorta, screening revealed several significant parameters by univariate regression analysis (Table 5 ). Only two parameters showed significant influence after multivariate regression analysis: age (hazard ratio [HR] = 1.055, 95% confidence interval [95% CI] 1.010-1.103; P = 0.016) and preoperative creatinine levels (HR = 3.662, 95% CI 1.773-7.565; P < 0.0005). Female gender was found to be a borderline risk factor for 30-day mortality with P = 0.0548 (HR = 2.551, 95% CI 0.980-6.623). For long-term mortality, seven significant risk factors from preoperative variables were identified by univariate regression analysis: age, gender, creatinine, urea, NYHA status, chronic obstructive pulmonary disease (COPD) and renal insufficiency. Multivariate Cox regression analysis was not applicable. For hazard ratios, confidence intervals and P-values are shown in Table 6 . A risk factor analysis for the need for reoperation was statistically not feasible due to the low number of reoperations.
DISCUSSION
To avoid the catastrophic event of an aortic dissection, aneurysms of the ascending aorta are electively operated on when the diameter >5.5 cm, and in some cardiac surgical centres, at a size >5 cm [1] . All four techniques described in our study were able to justify the operation, since no aortic dissection was observed perioperatively and during the follow-up of up to 17 years. However, which operation should be used for which patient? Are differences in outcome detectable and will this lead to the preference of one technique over the other? In our study, patients in the subgroups were heterogeneous with regard to gender, age, presence of Marfan syndrome, diameter of the ascending aorta and involvement of the aortic root. Therefore, the decision regarding the appropriate surgical method for any patient is individual, and statistical comparison between groups is difficult, or even impossible. For this reason, we only compared demographic and intraoperative variables with statistical methods, aiming to highlight the differences between the patients. The statistical analysis of early postoperative data (Table 3) is descriptive and has no confirmatory meaning: the P-values may help to emphasize the differences between groups related to the operative techniques, such as postoperative bleeding and postoperative complications. The only significant differences were found for stay on ICU and need for dialysis; the latter is probably connected to significantly higher age and higher incidence of preoperative renal insufficiency in the SCR group. Anyhow, we were able to show that all four techniques result in low early mortality and low need for reoperation. How do the findings relate to already existing knowledge and daily surgical practice? It is highly important that the most suitable technique should be applied to the patient's individual pathology. For diseased valves and enlarged root, CR should be the primary choice. We have utilized composite conduits with both mechanical and biological valves in accordance to the patients age (bioprosthetic valved conduit >65 years), and achieved excellent early and late results, with no reoperation during the follow-up. These findings are in accordance with Etz et al. [10] , reporting no influence on long-term outcome by the choice of prosthesis. In our series, we are aware of only one major bleeding complication causing stroke due to coumadin medication after mechanical valved CR. This finding somewhat contradicts the publication of Kouchoukos et al. [11] from 1991 reporting an actuarial freedom from thromboembolism of 82% at 12 years for prosthetic heart valves. One may speculate that modern anticoagulation strategies of our day such as coumadin self-controlled therapy reduced high coumadin complication rates after prosthetic heart valve replacement that were reported before [12] . In patients with preserved aortic root or in older patients with mild enlarged aortic root who may not have tolerated a complex root reconstruction with longer aortic crossclamp time, we used supracommissural ascending aortic replacement, with or without additional aortic valve replacement. Despite a higher reoperation rate compared with CR in our study, this strategy is justified by favourable results in agreement with the literature [2] . The need for reoperation after SCR in nondissected aortic root due to secondary enlargement and aortic insufficiency is low, in contrast to the results of SCR after acute aortic dissection, requiring reoperation of the aortic root in up to 20% of patients after 10 years [13, 14] .
AVS techniques have gained wide acceptance during the last two decades. The avoidance of coumadin is appealing, and postoperative ventricular remodelling under physiological valve movement is excellent. However, a drawback of any valve reconstructive method is the possibility of valve failure and secondary insufficiency. In light of excellent results with CR techniques, many surgeons hesitate to use AVS methods. In this study, our findings are contradictory: the results for David's reimplantation technique are excellent, with low early and late mortalities and no need for reoperation on the aortic root. These results are in agreement with others, reporting excellent valve durability that justified the usage of the technique to avoid coumadin [8, 15, 16] . In contrast, aortic cross-clamp time, which was significantly longer in the David group, was identified as an independent risk factor for both early and late mortalities. We speculate that the superior outcome is related to better preoperative clinical condition as shown by NYHA classification, slightly younger age and absence of emergent operations. However, the same contradictions were previously observed in another cohort [3, 8] , and the interpretation of the risk factor analysis must be undertaken carefully.
On the other hand, our results of the Yacoub technique are less favourable, with a relatively high long-term mortality and increased need for reoperation. This is in contrast to the publications of other groups, reporting excellent results with this technique [9, 17] . Several facts may explain the different finding: first, the Yacoub operations were undertaken from 1997 until 2003 by only one surgeon in limited numbers. Individual factors and limited experience could at least in part explain the difference. In contrast, the first David operation at this institution was performed in October 2006 and was then used as a standard valvesparing technique by different surgeons with large experience with this technique. The learning curve took place years before at another institution. Secondly, significantly more female patients underwent the Yacoub procedure, with significantly larger aneurysms compared with the other groups. It has been already shown that women carry a higher general risk in undergoing cardiovascular operations [18] , and our own result support these reports. Etz et al. [19] reported that the long-term survival of men after bioprosthetic valved conduit implantation was comparable with a normal matched control population, but was significantly lower in women. It has been speculated-although never really proven-that a larger aneurysmatic diameter may lead to earlier valve failure after reconstruction. However, at our institution, the David procedure remains the method of choice for AVS aneurysm surgery, and the Yacoub technique is no longer in use. This strategy is in accordance with the literature: A recent meta-analysis described a superior outcome for aortic valve durability for the reimplantion technique in comparison with the remodelling method for Marfan patients [20] .
Besides the heterogeneity of patient subgroups that makes a direct comparison of results impossible, a further limitation of our study is the shorter length of follow-up for patients undergoing the David procedure. This is related to the fact that this technique had only been introduced for the first time at Heidelberg University in autumn 2006. Further careful observation of patients could show if valvular longevity is maintained for longer periods. Furthermore, at a rate of 93%, follow-up was incomplete. It is possible, but unlikely, that the results may be significantly influenced by these missing patients. However, over a period of more than 17 years and with 548 patients, complete follow-up is impossible to achieve.
From this study, we obtained six crucial findings: (i) in all cases and during follow-up, acute aortic dissection could be avoided; (ii) the four described techniques for ascending aortic aneurysm repair can be performed with comparable early mortality; (iii) the David operation is more time-consuming, but leads to excellent results regarding valvular durability and long-term survival; (iv) long-term survival is less favourable for patients operated with the Yacoub technique, and also for female patients; (v) need for reoperation is low overall, but comparatively higher for the Yacoub and SCR groups; (vi) mid-term results of the David procedure are excellent in highly selected patients, but further studies are required to prove long-term aortic valve durability.
In conclusion, our study reports on 548 patients undergoing four different surgical techniques for ascending aortic aneurysms in 17 years. Results are favourable, and the need for reoperation was generally low. From our findings, it is seen that an individual treatment strategy must be developed for every patient with respect to the specific pathology.
